INTRODUCTION
Dust particles are an important fraction of the global aerosol loading, and influence radiation balance caused by scattering or absorbing incoming solar energy and cloud formation by serving as cloud condensation nuclei (CCN) (Levin et al. 1996; Buseck and Pósfai 1999; Ramanathan et al. 2001; Satheesh and Krishna Moorthy 2005; Kelly et al. 2007; Lack et al. 2009 ). They also have been known to exacerbate various health problems (Chen and Yang 2005; Ichinose et al. 2008; Yang et al. 2009; Hong et al. 2010; Hwang et al. 2010; Choi et al. 2011) . Asian dust (AD) particles, typically originating from the Gobi desert, Loess plateau, Manju region, and Taklamakan desert located in Mongolia and China, are transported into Korea and Japan via a high-speed northwest wind (>∼3 m/s) (Sun et al. 2005) . During long-range transport, dust particles can be exposed to various aging processes such as the heterogeneous reaction of dust particles with gases (Sullivan et al. 2007a; Tobo et al. 2010) , condensation of gases having low vapor pressure on to the dust particles (Usher et al. 2003; Clarke et al. 2004) , cloud processing of the dust particle with sea-salt species (Andreae et al. 1986; Trochkine et al. 2003; Murphy et al. 2006) , coagulation of the dust particles with other types of particles (Chou et al. 2003) , and interaction with varying amounts of water vapor. Thus, physicochemical properties of transported AD particles can be significantly different from the original dust particles, which mainly consist of mineral soil components Cwiertny et al. 2008; Tobo et al. 2010) . They may age in the atmosphere in different ways depending on the air masses encountered, which again have different chemical constituents.
In terms of dust particle conversions, Krueger et al. (2004) showed that CaCO 3 and CaMg(CO 3 ) 2 species in dust particles can react with HNO 3 to form nitrate salts. More recently, Tobo et al. (2010) identified the conversion of insoluble CaCO 3 in dust particles to soluble Ca(NO 3 ) 2 over urban and industrial areas, and the formation of CaCl 2 under high HCl concentration environment in marine boundary layer. Previously, Trochkine et al. (2003) reported that 40-45% of mineral particles were internally mixed with sulfates during their long-range transport form China to Japan. Andreae et al. (1986) suggested that a mixture of sea-salt, sulfate, and mineral dust (i.e., silicates) particles could be produced by cloud processing. Zhou et al. (1996) also reported that the morphology and composition of dust particles were modified by their interaction with sea salt and anthropogenic pollutants during transport from China to Japan. Zhang et al. (2010) showed that chemical composition of particles was different depending on transport pathway of dust storm.
Previous studies have provided useful insight into aging of dust particles by looking at the morphology and elemental composition of a single particle via microscopy techniques such as transmission electron microscopy (TEM), scanning electron microscope (SEM), and energy dispersive spectroscopy (EDS) (Zhou et al. 1996; Zhang and Iwasaka 1999; Ro et al. 2005; Shi et al. 2005; Li and Shao 2009) , by measuring bulk chemical composition of particles in PM 10 using a filter-based technique , and by determining chemical composition of a single particle with single particle mass spectrometer technique in real time (Sullivan et al. 2007a (Sullivan et al. , 2007b Sullivan and Prather 2007; Sullivan et al. 2009 ). In the microscopy techniques, statistically, a limited number of particles were typically examined, and detection of nitrogen element that can be used as direct evidence for the formation of nitrate salts in dust particles was limited. In filter-based techniques, after sampling particles for 12-24 h, their bulk chemical composition after a series of sample extraction procedures can be determined by various offline analytical instruments, such as ion chromatography (IC)/liquid chromatography (LC), gas chromatographymass spectrometry (GC-MS), and inductively coupled plasmamass spectroscopy (ICP-MS) Suzuki et al. 2010; Zhang et al. 2010 ). However, it should also be noted that it is difficult to accurately reconstruct chemical constituents and the mixing state of single dust particles by only measuring their bulk chemical composition. In addition, these methods cannot be used to capture temporal variations of properties of dust particles experiencing a rapid aging process, nor to identify volatile species in dust particles due to possible evaporative artifacts. The use of single particle mass spectrometry has provided a tremendous amount of information on chemical constituents of single dust particles in real time (Sullivan et al. 2007a (Sullivan et al. , 2007b Sullivan and Prather 2007; Sullivan et al. 2009 ). However, high vacuum condition and desorption and ionization of particles by a strong laser in the mass spectrometer technique would make it difficult to directly determine hygroscopic and volatile properties of dust particles. Thus, it is thought that direct measurements of the hygroscopicity and volatility of the dust particles will provide an additional understanding of their aging process and effect of the aged dust particles on the cloud formation.
Since Ca(NO 3 ) 2 , CaCl 2 , H 2 SO 4 , and (NH 4 ) 2 SO 4 are hygroscopic, and minerals are nonhygroscopic (Sullivan et al. 2009 ), a real-time measurement of the hygroscopicity of size-selected dust particles will help identify the existence of hygroscopic species as a result of aging processes such as heterogeneous reaction, condensation, coagulation, and so on. The measurement of volatile organic compounds in the dust particles, which has been received little attention until now, will provide new insights into the mixing of dust particles with anthropogenic volatile organic compounds. In addition to the origin of dust particles, it is also thought that as the transport pathway of the dust particles vary in each AD event, this could possibly affect the aging process of dust particles (e.g., the difference between dust particles passing over industrial areas of eastern China or having a long residence time over an ocean without passing over an industrialized zone) (Duce et al. 1980; Husar et al. 2001; Sullivan et al. 2007a Sullivan et al. , 2007b Sullivan and Prather 2007) . However, limited studies have been conducted on the effect of transport pathway of the dust particles on their hygroscopicity and volatility.
In this study, a tandem measurement technique that combines a differential mobility analyzer (DMA) and a particle size distribution analyzer (PSD) with a heater and a humidifier placed between them was applied to determine the hygroscopicity and volatility of size-selected dust particles in almost real time (the volatility of dust particles was measured for the first time to our best knowledge) (Massling et al. 2007; Park et al. 2008; Kaaden et al. 2009 ). Organic carbon species can be considered candidates for the measured volatile species in this study, because (NH 4 ) 2 SO 4 or other inorganic species are not volatile at the heater temperature of 100
• C in the tandem DMA-PSD system, and water in particles was removed before entering the system. During several AD events having different transport pathways, the hygroscopicity and volatility of the size-selected dust particles were measured to investigate the effect of transport pathway of the AD particles on their hygroscopicity and volatility (i.e., internal mixing via aging processes). The size-selection enabled us to infer the chemical composition of mainly dust particles, minimizing other types of particles. A database for the hygroscopic growth factor (HGF) and the shrinkage factor (SF) of chemical species that can be included in dust particles was also constructed based on a series of laboratory measurements. In addition, morphological and elemental analyses of dust particles were carried out using TEM/EDS.
EXPERIMENTAL
Dust particles passing through the PM 10 inlet were dried to 8-10% RH using a series of diffusion driers. The size distribution of the dried particles (20 nm-10 µm) was continuously measured using a scanning mobility particle sizer (SMPS) (DMA: TSI 3081, CPC: TSI 3022A) (20-600 nm) and a PSD (TSI 3603) (0.6-10 µm). The hygroscopicity and volatility of the size-selected dust particles were measured using a tandem DMA-PSD system when AD events occurred (Kaaden et al. 2009; Massling et al. 2007 ). The tandem system mainly consists of a DMA, PSD, humidifier, and heated tube as shown in Figure 1 . Dust particles of a certain size (∼1 µm) were selected by the DMA (aerosol flow rate is 1.0 lpm and sheath air flow rate is 2.1 lpm). The selected dust particles were directed to a humidifier or a heated tube (i.e., they are exposed to an elevated RH or high temperature environment), subsequently being routed to the PSD (∼1 lpm) to measure particle size change under the elevated relative humidity (85% RH) or increased temperature (100
• C). Due to the large size of the dust particles, a PSD able to measure particles of up to 10 µm in diameter was used in the tandem system. The HGF represents a ratio of the mode diameter (aerodynamic equivalent diameter) at 85% RH compared to dry condition (∼10% RH), while the SF is a ratio of the mode diameter at an increased temperature (100
• C) relative to the room temperature (∼20
• C) (i.e., relative change of the mode diameter (aerodynamic equivalent diameter) measured with the PSD under increased RH or heater temperature was used here). Since the PSD determined the aerodynamic equivalent diameter of the DMA-selected particles, multiple-charged particles were separated. The volume fractions of volatile species in size-selected particles can be calculated from the SF value, by assuming spherical particles (i.e., the volume fraction of volatile species (evaporated volume/total volume) = 1 -SF 3 ). At the heater temperature of 100
• C, organic carbon species including organic acids can be considered candidates for the volatile species because (NH 4 ) 2 SO 4 or other inorganic species are not volatile, and water in particles was removed before entering the tandem measurement system.
To construct a database of the hygroscopicity and volatility of possible candidate chemical species that can be included in dust particles, we produced various particles of a known composition. As shown in Table 1 , these included 3Al 2 O 3 ·2SiO 2 (Sigma-Aldrich, USA), CaCO 3 (Sigma-Aldrich, USA), CaSO 4 (Sigma-Aldrich, USA), CaCl 2 (Sigma-Aldrich, USA), Ca(NO 3 ) 2 (Oriental Chemical, Korea), NaCl (Junsei, Japan), MgCl 2 (Sigma-Aldrich, USA), Fe 2 O 3 (Sigma-Aldrich, USA), H 2 SO 4 (Sigma-Aldrich, USA), C 2 H 4 O 4 (SigmaAldrich, USA), C 3 H 4 O 4 (Sigma-Aldrich, USA), C 4 H 6 O 4 (Sigma-Aldrich, USA), C 24 H 50 (Sigma-Aldrich, USA), C 28 H 58 (Sigma-Aldrich, USA), and C 32 H 66 (Sigma-Aldrich, USA). Particles were produced from a 0.1% (wt) DI water solution using a constant output atomizer (TSI 3076, USA) for water soluble species and using a furnace reactor (i.e., evaporation-condensation method) for water insoluble species.
To determine the morphology and elemental composition of single dust particles, particles less than 10 µm in diameter were collected on a TEM grid using a PM 10 sampler. These samples were then analyzed by TEM (JEOL JEM-2100F) and EDS (OX-FORD INCAx-sight). A number of particles (∼106 particles) having a size of ∼1 µm were examined in order to relate their morphological and elemental properties to the hygroscopicity and volatility of the size-selected dust particles. Morphological and elemental classifications were conducted for the dust particles collected during several AD events having different Downloaded by [Gwangju Institute] at 23:05 23 August 2012 Ambient measurements were conducted for four AD events occurring in the spring and winter in 2010 in urban Gwangju, Korea. For comparison, measurements were also conducted before and after the AD events. The current sampling site is located ∼7.6 km north of the downtown area and is influenced by various local sources, including traffic from a nearby highway (∼1.5 km from the site), combustion systems from residential and commercial areas (∼0.6 km from the site), and biomass burning from agricultural areas (∼0.8 km from the site). Dust particles were sampled through a PM 10 inlet placed on the roof of a building (about 16 m above ground level). In addition, hourly PM 10 , O 3 , NO 2 , CO, and SO 2 measurements including meteorological data (temperature, RH, wind direction, wind speed) were obtained at a nearby sampling site. The origin and pathway of air masses during the AD event periods were determined using an air mass backward trajectory analysis (http://www.arl.noaa.gov/ready/hysplit4.html). For this test, a 48 h air mass backward trajectory analysis was conducted, ending at heights of 100, 500, and 1000 m above ground level at the sampling site.
RESULTS AND DISCUSSION

Classification of AD Events
The AD events summarized in Table 2 can be classified into weak, regular, and strong, based on the level of PM 10 . Here, AD2 was found to be the strongest AD event (the average PM 10 was 1,239 µg/m 3 ) among those examined. A northwestern wind with a high speed (3-5 m/s) was typically dominant when the AD events were observed in Korea. The high surface wind speed is an important factor for uplifting and carrying dust particles into air, which is followed by their long-range transport. During all AD events, the RH was typically lower than in non-events, suggesting that the dust-laden air masses had a low RH. A lower concentration of pollutant gases was also observed in AD events compared to non-events or local pollution events, probably due to the cleaning effect (i.e., a cold front with a high wind speed preceding the dust-laden air masses typically swept local pollutants away) . A local pollution event can be defined as a particle event having a high PM 2.5 and PM 10 , high concentration of CO, NO x , and SO 2 , and low wind speed (i.e., stagnant conditions) (Xie et al. 2005) . It was found that as shown in Figure 2 , the three measured parameters (i.e., PM 10 , wind speed, and SO 2 ) were able to clearly distinguish AD events (averages of PM 10 , wind speed, and SO 2 are 539.2 µg/m 3 , 4.0 m/s, and 3.8 ppb, respectively) from non-events (averages of PM 10 , wind speed, and SO 2 are 54.4 µg/m 3 , 1.8 m/s, and 3.0 ppb, respectively) and local pollution events (averages of PM 10 , wind speed, and SO 2 are 76.6 µg/m 3 , 1.4 m/s, and 12.9 ppb, respectively). The SO 2 was an important parameter to discriminate local pollution events from non-events.
To determine the origin and transport pathway of the AD particles, air mass backward trajectory analyses during the AD events were conducted, as shown in Figure 3 . It was observed that all the AD particles tested here originated from the Gobi desert area (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) o N, 90-110 o E), though their transport pathway was different during each AD event. Depending on the transport pathway, we classified the AD events into "less polluted AD" and "highly polluted AD" events. In the less polluted AD events (AD1 and AD3), the air-mass originating from Downloaded by [Gwangju Institute] at 23:05 23 August 2012 
the Gobi desert arrived at the current sampling site without passing over major industrial areas (shaded area in Figure 3a) , whereas in the highly polluted AD events (AD2 and AD4) the air mass passed over a heavily industrialized zone before arriving at the sampling site, as shown in Figure 3b . Also, in the highly polluted AD events, the air mass at an altitude of 100 m was directly transported to the sampling site from industrial areas (not from the Gobi desert). This lower air mass moved slow relative to the upper air mass and contained a significant amount of anthropogenic pollutants that were emitted from the industrial areas, and which were then mixed with the dust particles . It was found that NO 2 , CO, and SO 2 (i.e., anthropogenic air pollutants) concentrations in the highly polluted AD events were relatively higher than those in less polluted AD events in the same months, as indicated in Table 2 . Variations of the hygroscopic and volatile properties of the dust particles in each type of AD event will be discussed in a subsequent section.
Number Size Distribution of AD Particles
Average number size distributions with their standard deviations during the current AD event and non-event are compared in Figure 4a . The data show that the number of 1 µm particles significantly increased by a factor of 2-5 during the AD event, with no significant change of submicrometer particles. The number distribution data suggest that the 1 µm particles during the AD event could mainly consist of long-range transported dust particles less affected by locally-produced particles near the sampling site. Thus, the 1 µm particles were selected by the first DMA in the tandem DMA-PSD system to obtain their hygroscopicity and volatility. Due to limitation of the DMA, we were not able to select particles larger than 1 µm. However, based on comparison of number size distributions between AD and non-events, the biggest number difference occurred around this particle size range. The surface area distribution with an assumption of spherical particles is shown in Figure 4b . The surface area of ∼2 µm particles also significantly increased by a factor of 2-5 during the AD events, suggesting that the dust particles provided a sufficient surface area so that other gases or particles can be mixed with them via condensation, reaction, or coagulation (Usher et al. 2003; Chou et al. 2003; Clarke et al. 2004; Sullivan et al. 2007a; Tobo et al. 2010 ).
Hygroscopicity and Volatility of AD Particles
The hygroscopicity and volatility of possible candidate chemical species that can be included in the dust particles were measured using the tandem technique, as shown in Table 1 the table, only dicarboxylic acids (i.e., C 2 H 2 O 4 and C 4 H 6 O 4 ) and n-alkane species (e.g., C 24 H 50 ) were found to be volatile at the heater temperature (100 • C), and Ca(NO 3 ) 2 , CaCl 2 , H 2 SO 4 , (NH 4 ) 2 SO 4 , and sea-salts species (e.g., NaCl and MgCl 2 ) were significantly hygroscopic at 85% RH. Our HGF data were consistent with values available in the previous literature (Chrzan et al. 1989; Gibson et al. 2006) , thereby confirming the accuracy of this tandem measurement system to determine the HGF of particles.
During the AD event periods, we continuously measured the hygroscopicity and volatility of 1 µm dust particles every 3 min. We found that the fraction of dust particles having hygroscopic and volatile species varied depending on the type of AD event (as defined previously), as shown in Table 3 . In total, 26% of the 1 µm dust particles were found to have hygroscopic species in the highly polluted AD (i.e., 26% of measurements had HGFs greater than 1.00 ± 0.02) and 84% in the less polluted AD. Since the air mass was well mixed (i.e., quite constant wind direction) during AD events, the variation of HGF or SF would not be caused by the rapid change of air mass. Our data suggested that some of the dust particles (∼1 um) were pure minerals and others were aged. The dust particles could be aged in a different ways, thereby increasing their hygroscopicity both in the highly polluted and less polluted AD, as will be discussed later. In terms of volatility, 65% of the dust particles had volatile species (i.e., SF < 1.00 ± 0.03) in the highly polluted AD and 18% in the less polluted AD. The higher fraction of the dust particles having volatile species in the highly polluted AD occurred because the dust particles had a higher possibility to encounter air masses containing a significant amount of volatile carbonaceous species during transport in the polluted AD, as opposed to the transport pathway in the less polluted AD. In addition, the intensity of hygroscopicity and volatility that can be described by HGF and SF (i.e., volume fraction of volatile species), respectively, also varied depending on the type of AD event, as summarized in Figure 5 . All HGFs of 1 µm particles were smaller than 1.25, and no distinct groups of particles having different hygroscopicity under 85% RH were identified in our tandem data, suggesting that pure sea-salt particles, which were highly hygroscopic (HGF∼1.8), were not significantly externally-mixed with the 1 µm dust particles.
As shown in Figure 5 , the HGF in the less polluted AD was somewhat higher than that in the highly polluted AD. The dust particles could be aged in both, thereby leading to an increase in their hygroscopicity. Note that the residence time of dust particles over the open ocean (i.e., Yellow Sea) in the less polluted AD event was longer (∼13 h) than in the highly polluted AD (∼8 h), thus there was a higher possibility that the dust particles contained hygroscopic species originating from the ocean Tobo et al. 2009; Tobo et al. 2010 ). Indeed, the heterogeneous reaction of dust particles with gaseous HCl over the ocean could be a possible pathway for the formation of hygroscopic CaCl 2 (the existence of both Ca and Cl was also identified in our TEM/EDS data). Moreover, Na, Cl, and Mg were also observed in dust particles in the TEM/EDS data. Satellite data (Moderate Resolution Imaging Spectroradiometer (MODIS)) showed that AD air mass overlapped with clouds during transportation over ocean in the less polluted AD (http://modis.gsfc.nasa.gov/), suggesting that the cloud processing of dust particles with sea-salt components could be another important pathway for the existence of hygroscopic species in (Andreae et al. 1986 ), leading to the higher HGF in the less polluted AD than the highly-polluted AD. A simple calculation indicated that the Brownian coagulation time of 1 µm dust particles with ∼2 µm sea-salt particles was about 2.6 weeks (i.e., much longer coagulation time compared to the lifetime of dust particles) (the coagulation time is defined as the time for the initial number concentrations of the dust particles to decrease by half, and the initial number concentrations of the dust particles and sea-salt particles are assumed to be 1,000 and 100 #/cm 3 , respectively) (Hinds 1999; Baron and Willeke 2001) . However, the possibility of direct coagulation of dust particles and sea-salt particles cannot be completely ruled out (Zhang et al. 2003; Yamashita et al. 2005 ).
In the highly polluted AD, the dust particles were also aged by anthropogenic air pollutants, increasing their hygroscopicity. However, the intensity of hygroscopicity and the fraction of particles having hygroscopic species were smaller than those in less polluted AD. In this case, HNO 3 produced from a polluted area could react with dust particles (i.e., CaCO 3 ) to form hygroscopic Ca(NO 3 ) 2 , contributing to the observed HGF. The reacted CaCO 3 was identified in our TEM/EDS data, as will be discussed later. Although it was reported that the reaction probability of H 2 SO 4 or SO 2 in the dust particles (e.g., CaCO 3 ) compared to HNO 3 was relatively low (Underwood et al. 2001; Li et al. 2006; Song et al. 2007 ), the existence of S was observed in the TEM/EDS data, suggesting that hygroscopic S-containing species could be included in the dust particles. In a previous report, during the ACE-Asia field experience, Sullivan et al. (2007a) found that the uptake of secondary acids onto dust particles depended on the mineralogical composition of the dust particles (i.e., nitrate species were accumulated onto Ca-rich particles such as CaCO 3 , whereas sulfate species accumulated onto Al 2 SiO 5 particles). However, the addition of S was also observed in the Ca-rich particles with a residual left after evaporation of hygroscopic species, as seen in their TEM images. Zhang et al. (2008) reported that H 2 SO 4 molecules easily condensed onto aerosol particle surfaces (their sticking coefficient is very high) and were stabilized by water (i.e., irreversible condensation) independent of the morphology and chemical composition of the particles (the condensation rate only depends on surface area). As shown in Figure 4b , the 1-2 µm dust particles provided a much higher surface area compared to the fine particles (i.e., urban particles), such that the H 2 SO 4 molecules could readily condense onto them. Also, the secondary sulfate or nitrate could be condensed on to the dust particles, contributing to the observed hygroscopic growth (Zhang and Iwasaka 1999; Li et al. 2006; Bauer et al. 2007; Tobo et al. 2010; Li et al. 2011) . If CaSO 4 existed in the dust particles as a result of the heterogeneous reaction of dust particles with SO 2 , their contribution to hygroscopic growth should be small because the HGF of CaSO 4 was found to be low, as shown in Table 1 . In addition, the reaction probability for the formation of CaSO 4 is known to be low (Sullivan et al. 2009 ). Thus, we believe that the condensation of H 2 SO 4 molecules or (NH 4 ) 2 SO 4 onto the dust particles could be an important pathway for the dust particles to have hygroscopic S-containing species. Also, secondary organic acids can be mixed with the dust particles to contribute the hygroscopic growth of the dust particles although their HGFs were typically low. This kind of internal mixing (i.e., aging) of the dust particles is very important for explaining the mass transfer process in atmospheric aerosols that consequently affect their optical properties (direct climate forcing) and CCN activity (indirect climate forcing) (Wang 2005; Karydis et al. 2011) .
In addition to the atmospheric aging of dust particles by inorganic species, it was also reported that volatile dicarboxylic acids could be internally mixed with dust particles via photochemical chemistry and in-cloud processing (Sullivan and Prather 2007) . Figure 5 confirms that some dust particles had volatile species. Note that no inorganic species that can be considered a viable candidate species for dust particles (Table 1) were volatile at the heater temperature (100
• C) of the tandem system (i.e., only volatile organic carbon species can be considered candidates for the evaporated species in this study, because inorganic species are not volatile at the heater temperature, and water in particles was removed via a series of diffusion driers before entering the tandem measurement system. When the volume fractions of volatile species in the dust particles were compared between the less polluted and highly polluted AD, the fraction in the highly polluted AD was found to be significantly higher (74% higher overall). This suggests that the AD particles passing over industrial zones included more volatile organic species. The volume fraction of volatile species in the 1 µm particles were also measured after AD events (i.e., nonevents). It was observed that there was almost no volatile species in the 1 µm particles. As shown in Figure 5 , a clear difference was observed in volatility between the highly polluted and less polluted AD. This difference was thought to be due to the fact that there was only a limited source responsible for the addition of volatile organic species onto the dust particles in the transport pathway of the less polluted AD. We raised possibility that organic acids from the polluted area could react with dust particles or condense onto the dust particles (i.e., organic coating), and/or organic particles could potentially coagulate with the dust particles (Usher et al. 2003; Sullivan and Prather 2007) . In this case, we are not able to rule out the possibility of coagulation between the dust particles and fine/ultrafine organic particles because the coagulation time between the 1 µm dust particles (∼1,000 #/cm 3 ) and 0.1 µm urban particles (∼10,000 #/cm
3 ) was about 3 h (Hinds 1999; Baron and Willeke 2001) . Our TEM/EDS data also confirmed that different types of small particles were aggregated to the large dust particles, as will be discussed in the next section.
Morphological and Elemental Properties of AD Particles
Data for the hygroscopicity and volatility of size-selected (1 µm) dust particles suggest that a significant amount of dust particles was found to be aged by internally mixing with various hygroscopic and volatile species. for the formation of hygroscopic and volatile species could be proposed (i.e., formation of Ca(NO 3 ) 2 , and CaCl 2 by heterogeneous reaction, condensation of H 2 SO 4 and (NH 4 ) 2 SO 4 onto dust particles, and cloud processing of dust particles with seasalt species for the formation of hygroscopic species; heterogeneous reaction and condensation of organic acids with dust particles, and coagulation of dust particles with organic particles for the formation of volatile species). Additional morphological and elemental analyses were then carried out using TEM/EDS to support our hypotheses. For this task, 106 particles having a size of ∼1 µm collected during AD events were analyzed. A group of dust particles consisting mainly of mineral components (Si-rich (Al 2 SiO 5 ), Ca-rich (CaCO 3 ), and Fe-rich (Fe 2 O 3 ) particles) (i.e., not aged dust particles) were identified as shown in Figure 6 . Those particles were collected during the less polluted AD. No evidence for aging (i.e., no inclusion of a significant amount of other inorganic and/or carbonaceous species, and no residuals after evaporation of hygroscopic or volatile species in their TEM images) was observed in such particles. TEM images for laboratory-generated pure mineral particles showed a similar result that residuals after evaporation were not observed at the current TEM condition. As such, these particles are deemed responsible for the nonhygroscopic and nonvolatile dust particles discussed in our previous section (Table 3) (Wise et al. 2005 (Wise et al. , 2007 .
We also identified a group of aged dust particles collected in both less polluted and highly polluted AD (Figure 7) . Under a high vacuum and strong electron beam, there was evidence of evaporation in some aged dust particles for hygroscopic or volatile species in the TEM images. Also, the aged dust particles contained a significant amount of other elements such as S, Na, Mg, K, and Cl-in addition to mineral elements. The aged dust particles could be further classified as reacted dust, cloud-processed dust, and aggregated dust. The reacted dust particles had major elements of S, Ca+O without C (possibly Ca(NO 3 ) 2 ), or Ca+Cl (possibly CaCl 2 ), in addition to mineral components, and had evidence of evaporation of hygroscopic or volatile species (i.e., residuals after their evaporation in the TEM), as shown in Figure 7a . This type of particles represents aged dust particles as a result of reaction (e.g., CaNO 3 or CaCl 2 formation) or condensation (e.g., H 2 SO 4 or (NH 4 )SO 2 )).
The cloud-processed dust particles had major elements of Na, Mg, and Cl (i.e., sea-salt species), in addition to minerals, and had evidence of evaporation of hygroscopic species in their TEM images (Figure 7b ). In the previous section, we posited that the inclusion of sea-salt species in the dust particles could be caused by cloud processing. The existence of multiple seasalt elements and their inhomogeneous distribution in the dust particles with evidence of evaporation supports the claim that the cloud processing could be responsible for the formation of such hygroscopic species.
The aggregated dust particles included aged dust particles aggregated with small particles (Figure 7c ). These particles displayed no residual in their TEM images after evaporation of hygroscopic or volatile species. The fraction of the aggregated dust particles was somewhat higher in the highly polluted AD. This raises the possibility that in addition to heterogeneous reactions or condensation processes, coagulation could play a Downloaded by [Gwangju Institute] at 23:05 23 August 2012 role in the modification of the mixing state of dust particles, especially those encountering air masses in which small fine particles are abundant. Indeed, the cloud processing of dust particles with sea-salt species-rather than their direct coagulation-could also lead to aggregated particles, such as those grouped into the cloud-processed dust particles. Accurate quantification of each type of aged dust particles during specific AD events was not shown here due to the limited number of particles examined by the TEM/EDS to draw significant conclusions. This is the limitation of the TEM/EDS method to obtain a statistically significant amount of data. However, the TEM/EDS data still provided useful information on identification of various types of dust particles.
CONCLUSIONS
Measurements of hygroscopicity and volatility of the sizeselected dust particles with morphological and elemental data showed that a significant amount of dust particles were aged with increasing hygroscopicity and volatility, and that the type of aged dust particles differed depending on their transport pathway. The volatile fraction in the dust particles was found to be significantly higher in the highly polluted AD, suggesting that the AD particles passing over industrial zones included more volatile organic species. Also, we found that the dust particles could be aged in both types of AD, leading to an increase in their hygroscopicity. The HGF in the less polluted AD was somewhat higher than that in the highly polluted AD because the cloud processing of dust particles with sea-salt components played an important role in the existence of hygroscopic species in the dust particles in the less polluted AD. The varying aging process has important implications for different roles of dust particles in CCN activation and radiation balance, and their effects on human health. Our data suggested that optical properties of such aged dust particles should be significantly different from original dust particles, which is fundamental to the assessment of the radiative forcing of dust aerosols, and that the coating or mixing of dust particles by hygroscopic species with increasing their solubility could cause a significant enhancement of the dust contribution to the global CCN concentration. Also, the presence of volatile carbonaceous species in the dust particles will provide additional insights into the mixing structure of the dust particles affecting human health.
